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(54) Bilayer electron-injecting electrode for use in an electroluminescent device 



(57) An electroluminescent device comprising an 
anode, an electroluminescent layer, and a cathode. The 
cathode includes a fluoride layer contacting the electro- 
luminescent layer, a conductive layer contacting the flu- 
oride layer, and the thickness of the fluoride layer being 

10 



selected so that the bilayer acts as an electron injecting 
contact, the bilayer providing stability against atmos- 
pheric corrosion. 
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Description 

The present invention relates to bilayer electron- 
injecting electrodes which are particularly effective for 
use with organic LED devices used in electrolumines- 5 
cent structures. 

There is considerable interest in the use of organic 
materials for the fabrication of light-emitting diodes 
(LED) or electroluminescent (EL) device. To achieve the 
best device performance, it is desirable to use metals w 
having a low work function for electron injection into 
organic materials. However, metals with a low work 
function are always susceptible to atmospheric oxida- 
tion. For instance, Mg has a work function of 3.7 eV and 
is a good candidate for the electron injector. Its alloys, is 
such as MgAg, are commonly used in organic EL 
devices, but they have poor corrosion resistance. A 
bilayer cathode has been used with a thin lithium-alumi- 
num layer next to an electron transporting organic layer 
and an aluminum outlayer. However, it is well known 20 
that lithium is also unstable as it readily reacts with 
moisture to form lithium hydroxide and with carbon diox- 
ide to form lithium carbonate. 

For display applications, it is desirable to produce 
an active addressing display panel where an array of 25 
organic devices is incorporated on a semiconductor 
substrate containing driver electronics and pixel switch- 
ing elements. When a semiconductor wafer such as Si 
is used as a substrate, the light emission through the 
substrate is blocked because of the substrate is 30 
opaque. Therefore, the organic EL panel fabricated on 
these substrates needs to be surface-emitting, that is 
the emission is directed away from the substrate. This 
configuration requires the top electrode of the EL device 
to be light transmissive and the bottom electrode to be 35 
compatible with the substrate. Common light transmis- 
sive electrodes are indium-tin oxide (ITO) and thin metal 
layers of Au. With these high-work function materials on 
the top as a hole injector, metals with a low work func- 
tion are required to form an electron-injecting bottom <o 
electrode. However, adjacent to the semiconductor sub- 
strate, the low-work-function metals are either highly 
reactive with Si or may act as a fast diffusing species, 
thus potentially affecting the device performance. Novel 
materials, other than low-work-function metals, are 45 
therefore needed to produce a stable electron -injecting 
electrode compatible with the Si substrate. 

It is an object of the present invention to provide an 
effective electron-injecting electrode for an electrolumi- 
nescent device. so 

This object is achieved in an electroluminescent 
device comprising an anode, an electroluminescent 
layer, and a cathode, said cathode comprises a bilayer 
structure, comprising: 

55 

a) a fluoride layer contacting the electroluminescent 
layer; 

b) a conductive layer contacting the fluoride layer; 



and 

c) the thickness of the fluoride layer being selected 
so that the bilayer acts as an electron injecting con- 
tact, the bilayer providing stability against atmos- 
pheric corrosion. 

Specifically, when the invention is embodied in an 
organic electroluminescent device, the device has a 
transmissive and conductive hole-injecting anode, an 
organic EL layer, and an electron-injecting electrode in 
contact with the organic EL layer, the electron -injecting 
electrode comprising: 

a) a fluoride layer contacting the organic electrolu- 
minescent layer; 

b) a conductive layer contacting the fluoride layer; 
and 

c) the thickness of the fluoride layer being selected 
so that the bilayer acts as an electron injecting elec- 
trode, the bilayer providing stability against atmos- 
pheric corrosion. 

Both coevaporation of Mg and Ag and sequential 
deposition of lithium oxides and aluminum have been 
used to form the cathode reference. MgAg is sensitive 
to oxidation and shows poor corrosion resistance due to 
galvanic interactions. Lithium readily react with moisture 
or carbon dioxide to form lithium hydroxides or carbon- 
ates. In contrast, alkali and alkaline earth metal fluo- 
rides are quite stable, and the reaction with most of the 
materials is thermodynamically inhibited. 

Lithium fluoride is a superior insulating material 
because it has the highest bandgap energy of 12 eV 
among oxides and fluorides. It is disclosed in this inven- 
tion, however, that lithium fluoride in the form of ultra 
thin film (tens of angstroms) backed by a suitable metal 
layer is an effective electron injector. Light emitting 
diodes with the disclosed cathode show low operating 
voltage and high device efficiency at tow current densi- 
ties. 

FIG. 1 is a schematic diagram of an embodiment of 
the electroluminescence device of the invention; 
FIG. 2 is a schematic diagram of an alternative 
embodiment of the invention; and 
FIG. 3 shows device characteristics using the 
bilayer cathode. 

Referring to FIG. 1, an EL device 10 of the invention 
has, in order, a substrate 11, a hole-injecting electrode 
13. an organic layer structure 15. an electron-injecting 
electrode 17. The top electrode includes a fluoride layer 
1 7a and a conductive overlayer 1 7b. 

Substrate 1 1 is a glass substrate. It is either bare or 
covered with a layer of polycrystalline silicon. In some 
applications, part of the substrate can be used as sub- 
strate 11 for EL device 10. while the remainder of the 
polycrystalline silicon-coated wafer can be processed to 
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form drivers, switchers, or other electronic devices. 

Hole-injecting electrode layer 13 injects holes into 
the organic EL layer when this electrode is positively 
biased. It is either a conducting oxide or a thin metal 
layer with sufficient optical transparency to allow light to 
traverse through this layer and the substrate. Suitable 
metal oxides include indium-tin-oxide, aluminum- or 
indium-doped zinc oxide, tin oxide, magnesium-indium- 
oxide, and cadmium-tin-oxide. Suitable metals include 
gold, silver, nickel, palladium, and platinum. The desired 
metal oxides and metals can be deposited by evapora- 
tion, sputtering, laser ablation, and chemical vapor dep- 
osition. A thickness ranging from 50 to 1000 nm for the 
metal oxide layer is useful as the hole injector, prefera- 
bly 100-500 nm; and a thickness ranging from 5-50 nm 
for the metal layer, preferable 10-30 nm. 

Organic layer structure 15 either has a single layer 
acting as a light emitter or a multilayer structure, includ- 
ing a light emitter and carrier-confinement layers. For 
instance, a useful structure includes a diamine layer and 
an undoped or doped Alq layer. Other suitable materials 
used for light emitters include conjugated polymers 
such as poly(paraphenylene vinylene) (PPV); PPV 
copolymers; derivatives; poly(3-alkylthiophene); poly(3- 
octylthiophene); and poly(paraphenylene); fluorescent 
dyes or pigments such as those disclosed in U.S. Patent 
Nos. US-A-5,294,869 and US-A-5,151,629 referenced 
herein, or a mixture of fluorescent dyes and pigments in 
a polymeric binder. Organic layer structure 15 can be 
prepared by thermal evaporation or spin-coating from a 
solution. 

Electron-injecting electrode 17 injects electrons into 
the organic EL layer when the electrode is negatively 
biased. It includes a thin fluoride layer 17a and a thick 
conductive overlayer 17b. Examples 1 and 2 described 
in this invention indicate that the fluoride can be 
selected from the group of alkali fluorides and alkaline 
earth fluorides. The conductive outlayer can be selected 
from the group of elemental metals, metal alloys, and 
other conductive materials. 

Referring to FIG. 2, an EL device 20 of the invention 
has. in order, a substrate 21, a electron-injecting elec- 
trode 23. an organic EL layer structure 25, a hole-inject- 
ing electrode 27. The electron-injecting electrode 23 
includes a fluoride layer 23a and a conductive layer 23b. 

Substrate 21 is a single crystal semiconductor sub- 
strate selected from the group consisting of Si. Ge. 
GaAs. GaP, GaN, GaSb, InAs, InP, InSb. or AI^Ga^As, 
where x is from 0 to 1. Substrate 21 can be either 
undoped, lightly doped, or heavily doped. Substrate 21 
is either bare or covered with a layer of dielectric mate- 
rial such as Si oxides or Si nitrides. In some applica- 
tions, part of the semiconductor can be used as 
substrate 21 for electroluminescent device 20. while the 
remainder of the semiconductor wafer can be proc- 
essed to form drivers, switchers, or other electronic 
devices. 

Electron-injecting electrode 23 a good stability 



against atmospheric oxidation is compatible with sub- 
strate 21 showing no interactions with the substrate. 
The bilayer includes of a thin fluoride layer 23a and a 
thick conductive layer 23b. Examples 1 and 2 described 

5 in this invention indicate that the fluoride can be 
selected from the group of alkali fluorides and alkaline 
earth fluorides. The conductive layer can be selected 
from the group of elemental metals, metal alloys, and 
conductive materials. 

io In accordance with this invention, the thickness of 
the fluoride layer should be from 0.3 to 5.0 nm, prefera- 
bly 0.5 to 1 .0 nm. When the thickness is. below 0.3 nm, 
the fluoride layer may not be continuous and therefore 
its electron injection efficiency into the organic EL layer 

is may be reduced. When the thickness is above 5.0 nm, 
the applied current through the bilayer into the organic 
layer may be reduced. A useful range of the conductive 
layer thickness is from 10 to 1000 nm, preferably 50-500 
nm. Electron-injecting electrode 23 can be deposited by 

20 many conventional means, such as evaporation, sput- 
tering, laser ablation, and chemical vapor deposition. 

Organic layer structure 25 either has a single layer 
acting as a light emitter or a multilayer structure, includ- 
ing a light emitter and carrier-confinement layers. The 

25 composition of this layer is similar to that described for 
organic layer 15 in FIG. 1. 

Hole-injecting electrode layer 27 is either a trans- 
parent conducting oxide or a thin metal layer, thus allow- 
ing light emitting from the top surface. Suitable metal 

30 oxides include indium-tin-oxide, aluminum- or indium- 
doped zinc oxide, tin oxide, magnesium-indium-oxide, 
and cadmium-tin-oxide. The material should also have a 
high work function, that is greater than 4.2 eV, to provide 
efficient hole injection. Suitable metals include gold, sil- 

35 ver, nickel, palladium, and platinum. When a thin metal 
layer is used as a hole injector, a transparent encapsu- 
lating layer may be needed to protect the thin metal and 
the organic EL layer from ambient moisture. The 
desired metal oxides and metals can be deposited by 

40 evaporation, sputtering, laser ablation, and chemical 
vapor deposition. A thickness ranging from 50 to 1000 
nm for the metal oxide layer is useful, preferably 100- 
500 nm; and a thickness ranging from 5-50 nm for the 
metal layer, preferable 10-30 nm. 

45 The following examples are presented for a further 
understanding of the invention. 

Example 1 

50 An organic EL device satisfying the requirements of 
the invention was constructed in the following manner: 

a) a transparent anode of indium tin oxide coated 
glass was ultrasonicated in a commercial deter- 

55 gent, rinsed in deionized water, degreased in tolu- 
ene vapor, and contacted a strong oxidizing agent; 

b) a 15 nm-thick CuPc layer was deposited on the 
anode; 
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c) a 60 nm-thick hole transporting NPB layer was 
deposited on the CuPc layer; 

d) a 75 nm-thick electron transporting Alq layer was 
deposited on the NPB layer; 

e) a 0.5 nm-thick lithium fluoride layer was depos- 
ited on the Alq layer; and 

f) a 120 nm-thick aluminum layer was deposited on 
the LiF layer. 

All materials were prepared by thermal evaporation 
from tantalum boats. 

Example 2 

The same materials and processing procedures 
were employed as described in Example 1 , except that 
the lithium fluoride layer was replaced by a magnesium 
fluoride layer or a calcium fluoride layer. 

Example 3 

An organic EL device was constructed in the follow- 
ing manner: 

a) a transparent anode of indium tin oxide coated 
glass was ultrasonicated in a commercial deter- 
gent, rinsed in deionized water, degreased in tolu- 
ene vapor, and contacted a strong oxidizing agent; 

b) a 15 nm-thick CuPc layer was deposited on the 
anode; 

c) a 60 nm-thick hole transporting NPB layer was 
deposited on the CuPc layer; 

d) a 75 nm-thick electron transporting Alq layer was 
deposited on the NPB layer; and 

e) a 120 nnv thick aluminum layer was deposited 
on the Alq layer. 

All materials were prepared by thermal evaporation 
from tantalum boats. 

Example 4 

The same materials and processing procedures 
were employed as described in Example 3, except that 
the aluminum layer was replaced by a 200 nm thick 
MgAg layer with an atomic ratio of Mg:Ag = 9:1. 

All the devices were evaluated with a positive 
potential applied to the anode and the cathode attached 
to ground to determine the characteristics of voltage- 
current and current-light emission, and the results are 
summarized in FIG. 3. In the plot, the horizontal axis 
shows the drive voltage to generate a light output of 0.1 
mW/cm 2 , and the vertical axis shows the electrolumi- 
nescence efficiency. The device with an aluminum cath- 
ode requires a drive voltage of approximately 12 V to 
generate a light output of 0.1 mW /cm 2 , which is sub- 
stantially higher than that of the device with a MgAg 
cathode. Occurring with the higher drive voltage is a 



lower EL efficiency. The difference is attributed to a 
higher work function of Al (4.3 eV) than that of Mg (3.7 
eV). It is surprising, however, that the device perform- 
ance with an Al cathode can be dramatically improved 

5 by interposing an one- to two- monolayer of LiF, MgF 2 . 
or CaF 2 between Alq and Al. For instance, with a bilayer 
cathode (AI/UF) the drive voltage is reduced to 7.4 V, 
and the EL efficiency is increased to 0.028 mW/cm 2 
The results are much better than that with a MgAg cath- 

w ode. 

Other features of the invention are included below. 

The conductive cathode wherein said conductive 
materials include a conductive boride, carbide, nitride, 
or oxide. 

is In an electroluminescent device having, in 
sequence, a substrate, a transmissive and conductive 
hole-injecting anode, an organic electroluminescent 
layer, and a cathode in contact with the organic electro- 
luminescent layer, the cathode layer comprising: 

20 

a) a fluoride layer contacting the organic layer; 

b) a conductive overcoat layer over the fluoride 
layer; and 

c) the thickness of the fluoride layer being selected 
25 so that the bilayer acts as an electron injecting con- 
tact, the bilayer providing stability against atmos- 
pheric corrosion. 

The device wherein the thickness of the fluoride 
30 layer is in a range of 0,3 to 5.0nm. 

The device wherein said conductive overcoat layer 
is elemental metal, metal alloy, or conductive materials. 

The device wherein said alkali fluoride includes lith- 
ium fluoride, sodium fluoride, potassium fluoride, rubid- 
35 ium, robidium fluoride, or cesium fluoride. 

The device wherein said alkaline earth fluoride 
includes magnesium fluoride, calcium fluoride, stron- 
tium fluoride, or barium fluoride. 

The device wherein said conductive materials 
40 include a conductive boride. carbide, nitride, or oxide. 

The device wherein the organic electroluminescent 
layer is selected from the group of poly(paraphenylene 
vinylene) (PPV), PPV copolymer and derivatives, poly- 
aniline, poly(3-alkylthibphene), poly(3-octylthiophene). 
45 poly(paraphenylene), or 8-hydroxyquinoline aluminum 
(Alq). 

The device wherein said hole-injecting transparent 
electrode is a conducting oxide or a thin metal layer. 

The device wherein said conducting oxides 
so includes indium-tin-oxide, aluminum- or indium-doped 
zinc oxide, tin oxide, magnesium-indium-oxide, or cad- 
mium-tin-oxide. 

The device wherein said hole-injecting electrode is 
selected from the group consisting of noble and near- 
55 noble metals. 

The device wherein said noble and near-noble met- 
als include gold, silver, nickel, palladium, and platinum. 
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Parts List 



a single crystal semiconductor substrate, 
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5 



a bilayer electrode including a conductive layer 
on the substrate and an overlying fluoride layer, 
the thickness of the fluoride layer being in a 
range of 0.3 to 5.0 nm; 



an organic electroluminescent layer; and 



a hole-injecting transparent electrode having a 
work function with a value greater than 4.1 eV. 



w 9. The device of claim 11 wherein the substrate is 
selected from the group consisting of Si, Ge, GaAs, 
GaP, GaN, GaSb. InAs. tnP, InSb, or A^Ga^As. 
where x is from 0 to 1 . 



15 10. The device of claim 11 wherein said fluoride is 
selected from an alkali fluoride, or an alkaline earth 
fluoride. 



Claims 



1. An electroluminescent device comprising an 20 
anode, an electroluminescent layer, and a cathode, 
said cathode comprises a bilayer structure, com- 
prising: 

a) a fluoride layer contacting the electrolumi- 25 
nescent layer; 

b) a conductive layer contacting the fluoride 
layer; and 

c) the thickness of the fluoride layer being 
selected so that the bilayer acts as an electron 3c 
injecting contact, the bilayer providing stability 
against atmospheric corrosion. 

2. The cathode of claim 1 wherein the thickness of the 
fluoride layer is in a range of 0.3 to 5.0 nm. 35 

3. The cathode of claim 1 wherein the fluoride is 
selected from an alkali fluoride, or an alkaline earth 
fluoride. 



4. The cathode of claim 1 wherein said conductive 
layer is elemental metal, metal alloy, or conductive 
materials. 

5. The cathode of claim 3 wherein said alkali fluoride 45 
includes lithium fluoride, sodium fluoride, potas- 
sium fluoride, rubidium, robidium fluoride, or 
cesium fluoride. 

6. The cathode of claim 3 wherein the alkaline earth sc 
fluoride includes magnesium fluoride, calcium fluo- 
ride, strontium fluoride, or barium fluoride.. 

7. The device of claim 8 wherein said cathode is 
encapsulated or uncapsulated. 55 

8. An electroluminescent device comprising: 
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